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ABSTRACT

Analysis and Design of Complex Networks

Report Title

The goals of this project are to improve the understanding of multi-scale Features of networks and to use that understanding to developed 
improved protocols.  

The theoretical contributions of this work include sparse models of long-range dependency in network, a stochastic approximation theory for 
long range dependent processes, techniques to learn the characteristics of losses in wireless networks, stochastic gradient algorithms for 
wireless ad hoc networks, sampling techniques to estimate the features of complex graphs, and improved models of transmission protocols.  

The practical contributions include media access control algorithms for maximum throughput in ad hoc networks, protocols for higher 
throughput and lower delays in WiFi, protocols for generating secret keys in wireless networks.
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I. Maxmin fair rate control in wireless networks

Rate adaptation and power control are two key resource allocation mechanisms in multiuser wireless networks. In the presence 
of interference, how do we jointly optimize end- to-end source rates and link powers to achieve weighted max-min rate fairness 
for all sources in the network? This optimization problem is hard to solve as physical layer link rate functions are nonlinear, 
nonconvex, and coupled in the transmit powers. We show that the weighted max-min rate fairness problem can, in fact, be 
decoupled into separate fairness problems for flow rate and power control. For a large class of physical layer link rate functions, 
we have characterized the optimal solution analytically by a nonlinear Perron-Frobenius theory (through solving a conditional 
eigenvalue problem) that captures the interaction of multiuser interference. We have given an iterative algorithm to compute the 
optimal flow rate that converges geometrically fast without any parameter configuration. Numerical results show that our 
iterative algorithm is computationally fast for both the Shannon capacity, CDMA, and piecewise linear link rate functions. 
[Cai2012-infocom] 

II. Energy efficient congestion control

Various link bandwidth adjustment mechanisms are being developed to save network energy. However, their interaction with 
congestion control can significantly reduce throughput, and is not well understood. We have proposed an easily implementable 
link dynamic bandwidth adjustment (DBA) mechanism. In DBA, each link updates its bandwidth according to an integral control 
law to match its average buffer size with a target buffer size. We prove that DBA reduces link bandwidth without sacrificing 
throughput—DBA only turns off excess bandwidth—in the presence of congestion control. Preliminary ns2 simulations confirm 
this result.  [Gan-2012-EECC-Sigmetrics]

III. Geographical load balancing 

Given the significant energy consumption of data centers, it is important to improve their energy efficiency. However, energy 
efficiency is necessary but not sufficient for sustainability, which demands reduced usage of energy from fossil fuels. We have 
studied the feasibility of powering internet-scale systems using (nearly) entirely renewable energy. We have performed a trace-
based study to evaluate three issues related to achieving this goal: the impact of geographical load balancing, the role of 
storage, and the optimal mix of renewables. Our results highlight that geographical load balancing can significantly reduce the 
required capacity of renewable energy by using the energy more efficiently with “follow-the-renewables” routing. Further, our 
results show that small-scale storage can be useful, especially in combination with geographical load balancing, and that an 
optimal mix of renewables includes significantly more wind than photovoltaic solar. We have also designed online algorithms for 
geographical load balancing (GLB).  A commonly suggested algorithm for this setting is “receding horizon control” (RHC), which 
computes the provisioning for the current time by optimizing over a window of predicted future loads. We have shown that RHC 
performs well in a homogeneous setting, in which all servers can serve all jobs equally well, but can perform poorly when 
propagation delays, servers, and electricity prices are different.  We have introduced variants of RHC that are guaranteed to 
perform as well in the face of such heterogeneity.  [Liu-2012-GLB-PER, Lin-2012-GLB-IGCC]

IV. Network effect in large-scale systems

Online services today are characterized by a highly congestion sensitive user base, that also experiences strong positive 
network effects. A majority of these services are supported by advertising and are offered for free to the end user. We study the 
problem of optimal capacity provisioning for a profit-maximizing firm operating such an online service in the asymptotic regime 
of a large market size. We show that network effects heavily influence the optimal capacity provisioning strategy, as well as the 
profit of the firm. In particular, strong positive network effects allow the firm to operate the service with fewer servers, which 
translates into increased profit.

V. Contention window adaptation using the concept of busy/idle signal for 802.11 networks. 

VI. Use of directional busy/idle signals to discover topology and improve throughput in WLAN networks with multi-antenna 
beam-forming nodes. 

VII. Use of busy/idle signals for discovering optimum AP association

VIII. Characterization of set size distributions

Consider the problem of estimating the set size distribution for a collection of sets based on the random sampling of elements 
from the sets. This problem has applications to network capacity planning, network theory, among other areas.  Examples 
include characterizing in-degree distributions in large graphs and characterizing flow size distributions in the Internet.  We show 
that it is difficult to estimate the original set size distribution unless the sampling probability is large.  The recoverability of 
original set size distributions presents a sharp threshold with respect to the fraction of elements that are sampled. If this fraction 
remains below this threshold then the original set size distribution is unrecoverable. Moreover, this threshold is highly 



dependent on the set size distribution.  It is one half when set sizes are characterized by power laws, and 1/(a+1) when the 
distribution has an exponential tail and average a.  The threshold is zero when the distribution has a lighter than exponential tail. 
Details are found in 
  F. Murai, B. Ribeiro, D. Towsley, P. Wang. “On set Size Distribution Estimation and the Characterization of Large Networks via 
Sampling”, submitted for publication.
IX. Design of scalable network
Using the theory of Lyapunov drift, we designed a modular scalable network with at most four queues per modules.  The 
network maximizes the utility of the flows and has a delay logarithmic in the size.
X.  Stochastic Differential Equation Models for Power Law. 
We develop simple stochastic differential equations that lead to lower-tail and/or upper tail power law behaviors. We also 
present a model with bi-directional Poisson counters that exhibits power law behavior near a critical point, which has 
implications in understanding phase transitions in statistical physics and other areas [JiangBrockettGongTowsley-CDC2012]. 
XI. Power Law Graph as Concept Representations 
We develop algorithms based on the random walks on power law graphs for concept abstraction in high intelligence [Gong-
CCC2012].
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